Clinical relevance of sodium/glucose cotransporter 2 (SGLT2) inhibitors has been rapidly evolving across several therapy areas, apart from type 2 diabetes mellitus. While some of these developments are based on recognized scientific explanations, unexpected study findings have also shaped much of our present understanding. As the role of these agents evolves in various facets of cardiology, nephrology, hepatology and endocrinology, their optimum clinical value propositions should be realized in line with the principles of personalized medicine. An updated pharmaco-ergonomic qualification tool, based on the present evidence with these agents, would be a step in this direction. This review describes the present evidence on diverse pharmacological and therapeutic aspects for various SGLT2 inhibitors, as an attempt to provide useful guidance for optimum application in clinical practice.
INTRODUCTION
Sodium/glucose cotransporter 2 (SGLT2) inhibitors have opened up several aspects in clinical medicine, which now span beyond type 2 diabetes mellitus (T2DM). These clinical dimensions presently encompass metabolic, cardiovascular (CV) and renal therapeutics, and continue to evolve further. Simultaneously, the related aspects of pharmacovigilance and pharmaco-ergonomics of SGLT2 inhibitors have also witnessed continual progress.
A considerable part of the clinical development of SGLT2 inhibitors has not followed the typical evolutionary course of bench to bedside. Several key milestones, including CV protection and improved survival in EMPA-REG OUT-COME [1] , risk of euglycemic diabetic ketoacidosis (euDKA) with SGLT2i class [2] and lower limb amputations in the CANVAS program [3] , have been unexpected findings. Such important unexpected outcomes have prompted abductive reasoning and paved the way for the reverse developmental journey of SGLT2 inhibitors, from bedside to bench [4] .
The typical developmental journey of these agents, from bench to bedside, has also witnessed distinctive outcomes. CREDENCE [5] and DAPA HF [6] established their clinical relevance in diabetic kidney disease and in heart failure with reduced ejection fraction, respectively. Their clinical development as anti-obesity agents has witnessed mixed outcomes [7, 8] .
The ongoing development will test the possible merit of SGLT2 inhibitors in non-diabetic kidney disease, heart failure with preserved ejection fraction, non-alcoholic fatty liver disease and possibly beyond.
Our previous review on this topic covered the pharmacological aspects of SGLT2 inhibitors, and corollary understanding of appropriate clinical use [9] . This review is a chronological update to our previous work; it focusses on the ongoing clinical developments of SGLT2 inhibitors, beyond their conventional role of glycaemia control in T2DM. The evidence-based perspectives are broadly classified into therapeutic area developments, pharmacovigilance, and rational pharmaco-ergonomics; each section is further subclassified into experimental and clinical sections, as appropriate. This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors.
THERAPY AREA DEVELOPMENTS
In this section, we review the contemporary evidence of SGLT2 inhibitors in various therapy areas. These include cardiovascular medicine, nephrology, hepatology, diabetology, endocrinology and metabolism.
Cardiovascular (CV) Medicine
The clinical development of SGLT2 inhibitors in CV medicine spans across ischaemic heart disease, heart failure (HF) and hypertension.
Clinical Evidence from Cardiovascular Outcome Trials (CVOTs)
The chapter of SGLT2 inhibitors in CV medicine was driven by the remarkable unexpected findings from CVOTs. These CVOTs are designed to assess primarily the CV safety profiles of glucose-lowering interventions. The key observations from CVOTs are summarized in Fig. 1 .
In 2015, the EMPA-REG OUTCOME study demonstrated significant benefits of empagliflozin for CV mortality, as well as major adverse [1] . These CV outcomes resulted in significant mortality benefit in these patients. All types of CV deaths were reduced with empagliflozin; more prominent absolute benefits were observed for HF-related deaths and sudden deaths [1] . The post hoc analyses of EMPA-REG OUTCOME demonstrated consistent CV mortality benefit with empagliflozin, irrespective of prior CV events (myocardial infarction or stroke), HF burden, chronic kidney disease (CKD), baseline HbA1c level, control of multiple CV risk factors or background use of metformin [10] [11] [12] [13] . Moreover, a discordance between CV and glycaemic effects was evident; CV mortality benefit extended up to stage 3-b of CKD (eGFR up to 30 mL/min/1.73 m 2 ). Further, unlike the dose-dependent incremental glycaemic effects of empagliflozin, both the clinical doses (10 mg and 25 mg) demonstrated equivalent CV benefits. With these observations, and the study design based on glycaemic equipoise, the CV mortality benefit was understood to be unrelated to the glucose-lowering effect of empagliflozin [1, 12] . Subsequently, the CANVAS program also demonstrated reduction in risk of major adverse CV events with canagliflozin, in patients with T2DM and CV disease [14] . This benefit was not evident in patients without known CV disease, who harboured multiple CV risk factors, in the CANVAS program. The DECLARE-TIMI 58 study did not demonstrate significant reduction in major adverse CV events or CV mortality with dapagliflozin, in patients with T2DM and CV disease, or with multiple CV risk factors [15] . All these CVOTs demonstrated consistent improvements in HF-related outcomes with SGLT2i agents. These HF benefits were observed in patients with or without prior HF [16] .
Bedside to Bench: Evidence from Experimental Research
Following these unexpected findings from CVOTs, wide-ranging experimental research was initiated to evaluate the plausible CV mechanisms. Through this spectrum of research, several corollary effects of renal SGLT2 inhibition of the cardiovascular system have been proposed and/or discovered. Further, a new site of action for these agents has also been discovered in non-clinical studies, viz. sodium/ hydrogen exchanger 1 (NHE-1) in cardiomyocytes [17] [18] [19] .
This experimental research includes nonclinical as well as clinical studies and has been recently reviewed. The plausible CV mechanisms have been broadly classified as effects on preload, afterload, as well as at the heart level. Figure 2 gives an overview of these mechanisms.
Fig. 1 continued
It is noteworthy that while non-clinical research may have demonstrated some effects, the same may or may not be replicable in humans. Thus, a conclusive human proof-ofconcept study is essential to affirm the clinical relevance of any foundational therapeutic concept. On these lines, the recently published EMPA-HEART study was a randomized controlled trial (RCT) in patients with T2DM and stable coronary artery disease (CAD), largely without HF [20] . This study demonstrated regression in left ventricular mass index with empagliflozin, over 6 months. This effect was unrelated to reduction in preload, blood pressure or autonomic changes [20] [21] [22] . This proofof-concept suggests beneficial effects of empagliflozin on left ventricular myocardial structure in patients with T2DM, with stable CAD and without HF. These beneficial myocardial effects may possibly benefit patients with ischaemic heart disease, beyond the HF-related mechanisms.
Clinical Development in HF (Chronic, Post-Acute) Early interest in SGLT2 inhibitors for HF stemmed from the mechanism of glucose-mediated osmotic diuresis, and unexpected HF benefit in EMPA-REG OUTCOME. Pharmacodynamic studies have shown that even in healthy adults without type 2 diabetes, SGLT2 inhibitors mediate a modest urinary glucose elimination of 40-50 g/day [23, 24] . Further, several mechanisms have been elicited in non-clinical experiments, as summarized in Fig. 2 . A post hoc analysis of EMPA-REG OUTCOME also suggested clinical benefits in rehospitalizations and mortality, in the post-acute HF period [25] .
These agents are being clinically studied for several outcomes related to chronic HF and post-acute HF, regardless of T2DM [24, 26]. These outcomes include hospitalizations, mortality, functional exercise capacity, and quality of life in patients with chronic HF and reduced or preserved ejection fraction (EF). Further, these are also being evaluated for outcomes of rehospitalization/mortality risk reduction in post-acute HF. The DAPA-HF study has demonstrated improved HF and mortality outcomes with dapagliflozin in patients with chronic HF and reduced EF, with or without T2DM [6] . A summary of ongoing studies is described in Tables 1 and 2. The phenomenon of reverse causality may be of noteworthy relevance in SGLT2 inhibitor therapeutics [27] . While ischaemic CV benefits may result from improvements in left ventricular mass, vascular stiffness, blood pressure and myocardial metabolism, such benefits would need longer duration to manifest. The haemodynamic benefits of these agents on HF and renal outcomes are more immediate in nature. Hence, with considerable haemodynamic benefits occurring early, the possible late-onset ischaemic CV benefits can get masked because of survivorship bias, particularly when mortality is reduced early. EMPA-REG OUTCOME, CANVAS program and CREDENCE have demonstrated benefits in major adverse cardiovascular events with these agents in various study populations, whereas DECLARE-TIMI 58 did not demonstrate such benefit, except in a post hoc analysis of a subgroup with prior myocardial infarction [1, 5, 14, 15, 28] .
Clinical Evidence in Hypertension
Modest reductions in systolic and diastolic blood pressure have been well recognized in clinical development of SGLT2 inhibitors [9] . While the mechanism of diuresis may lead to immediate antihypertensive effect, other mechanisms like improvement in vascular stiffness may also play a key role. The diuretic mechanism of SGLT2 inhibitors is different from the classic natriuretic diuresis [19, 29] . SGLT2i-mediated osmotic diuresis leads to more electrolyte-free water clearance, which effects more prominent fluid loss from interstitial spaces. This is unlike the typical natriuretic diuretics, which exert a greater effect on blood volume loss, driven by sodium elimination. The net loss of blood volume prompts compensatory activation of sympathetic activity and plasma renin activity. Such compensatory effects are infrequently observed with SGLT2 inhibitors. Further, neurohumoral effects of reduced angiotensin or sympathetic activity do not explain the improvement in vascular compliance with SGLT2 inhibitors. The present evidence suggests that these effects are mediated at the level of blood vessels, through improved vascular endothelial and smoothmuscle functioning [17, 19, 30 ].
More recently, the possible role of SGLT2 inhibitors in controlling difficult cases of hypertension, including nocturnal non-dipping and resistant hypertension, is being increasing realized [31] [32] [33] .
Nocturnal hypertension is an independent risk factor for adverse CV outcomes. The SACRA study demonstrated that in patients with T2DM and nocturnal hypertension, empagliflozin significantly reduced nocturnal blood pressure from baseline [31] . This may be a meaningful benefit in patients with salt-sensitive nocturnal hypertension.
A post hoc analysis of EMPA-REG OUTCOME demonstrated consistent reductions in blood pressure in patients with resistant hypertension [32] . An interesting case report demonstrated clinical benefit of canagliflozin in a patient with resistant hypertension, which was uncontrolled even after renal denervation [33] . This case report suggested the importance of ineffective diuresis in resistant hypertension and the relevance of canagliflozin in overcoming the natriuretic handicap. This is an area of therapeutic interest, which clearly deserves more research.
Nephrology
Nephrology is another area of immense clinical value for SGLT2 inhibitors. These drugs may be of benefit by delaying the decline of renal function, reducing risk of end-stage kidney disease and renal deaths.
The presently known CVOTs of SGLT2 inhibitors have consistently shown renal benefits in patients with T2DM [16] . There are multiple possible mechanisms through which SGLT2 inhibitors may improve renal dysfunction; some of these have been proven in clinical proof-of-concept studies [34] .
Evidence from Pharmacodynamic and Mechanistic Studies
Kidneys are involved in glucose metabolism through renal gluconeogenesis as well as glucose reabsorption [35] . While gluconeogenesis is the major mechanism, it does not contribute significantly to blood glucose levels because the kidneys also require considerable glucose consumption to maintain their function. On the other hand, glucose reabsorption can significantly contribute to glycaemia levels, particularly during states of increased glucose reabsorption like diabetes. Increased proximal tubular glucose flux, which typically happens in diabetes, increases SGLT2 transporter expression and function in renal tubules. Elevated SGLT2 transporter function is also known to increase sodium reabsorption, resulting in tubulo-glomerular feedback and hyperfiltration. The relevance of SGLT2 inhibitors in ameliorating this tubulo-glomerular feedback has received much clinical interest [34, 36, 37] . Apart from this, several mechanisms like improved renal metabolism, reduced uric acid level, downregulation of sodium/hydrogen exchanger 3 (NHE-3), and neurohumoral modulation are being explored [34, 36, 37] .
Evidence from Clinical Trials CREDENCE, a dedicated renal outcome trial in patients with advanced proteinuric diabetic kidney disease, demonstrated significant improvements in renal outcomes with canagliflozin [5] . The value of SGLT2 inhibitors in non-diabetic kidney disease is a futuristic topic of interest. Ongoing EMPA-KIDNEY [38] and DAPA-CKD [39] studies will evaluate the effect of these agents in patients with non-diabetic kidney disease. Table 3 shows an overview of these trials.
SGLT2 inhibitors also increase haematocrit, likely through an increase in erythropoiesis. A probable explanation for this effect is based on reduced metabolic stress in proximal tubular epithelial cells, secondary to reduced activity of sodium-potassium ATPase pump. This optimum milieu stimulates erythropoiesis from mesenchymal fibroblasts by partly reversing the early derangements of CKD [40] . A corollary benefit of this mechanism could be plausible in anaemia of CKD, with reduction in dose of b Fig. 2 Mechanisms of empagliflozin erythropoietin-stimulating agents. The present evidence for this benefit is scarce and requires substantiation.
Hepatology
A corollary effect of visceral adipose tissue reduction with SGLT2 inhibitors is a reduction in hepatic steatosis [41] . Non-alcoholic fatty liver disease (NAFLD) is of common occurrence in T2DM and has important associations with hepatic cirrhosis, portal hypertension, hepatocellular carcinoma and mortality. However, from a practical viewpoint, clinical development aimed at demonstrating NAFLD benefit cannot evaluate terminal outcomes that develop over years. At present, reliable surrogate outcomes for clinically meaningful NAFLD benefit are limited to resolution of non-alcoholic steatohepatitis (NASH) or improvement in fibrosis without worsening of NASH. Mere reduction in hepatic steatosis is not a reliable outcome for clinically meaningful NAFLD benefit [42] . The investigator-initiated E-LIFT study of empagliflozin furnished early clinical evidence in patients with T2DM and NAFLD [43] . The study demonstrated reduction in hepatic steatosis as well as aminotransferase levels with 20 weeks of empagliflozin therapy. Further proof-of-concept studies with dapagliflozin, canagliflozin, luseogliflozin and ipragliflozin have also demonstrated similar results of improved hepatic steatosis and aminotransferases [41] . A case series in patients with NASH demonstrated that 24-week treatment with canagliflozin resulted in histopathologic improvement (decrease in NAS of 1 point or more without worsening of the fibrosis stage) [44] . A further extension of this work suggested improved scores of steatosis, lobular inflammation, ballooning and fibrosis stage [45] . Small studies of SGLT2 inhibitors based on markers for hepatic fibrosis have demonstrated mixed results [41] . At present, conclusive evidence for clinically meaningfully benefit in NASH, based on hard outcomes or appropriate surrogate outcomes, is unavailable with any SGLT2 inhibitor. This remains an area of immense clinical interest. [46] [47] [48] [49] [50] [51] [52] [53] [54] . However, the safety concern of euDKA, which is of even greater relevance in T1DM, remains a major barrier to be negotiated. A unique pharmacological strategy of using low dose empagliflozin (2.5 mg) to optimize the risk-benefit profile in T1DM has been evaluated [52] . Further evidence in this direction may suggest the clinical value of this approach. The observations of SGLT2i studies in T1DM are summarized in Table 4 .
Diabetes

SGLT2 inhibitors have been evaluated in dedicated programs for type 1 diabetes mellitus
Endocrinology SGLT2 inhibitors are also of clinical interest in diseases associated with hyponatraemia owing to their effect on free water clearance. The proof-of-concept in syndrome of inappropriate ADH secretion (SIADH) was evident from the DIVE study of empagliflozin, in healthy adults with artificially induced SIADH [55] . A small placebo-controlled study (SANDx) in 84 patients with SIADH also demonstrated a significantly higher increase in plasma sodium levels with empagliflozin (p = 0.039 vs placebo) in addition to fluid restriction [56] . In this study, sodium overcorrection of greater than 12 mmol/L per day occurred in one patient in each group. This evidence suggests another clinical avenue for SGLT2 inhibitors in appropriate management of hyponatraemia due to SIADH. SGLT2 inhibitors are also of clinical interest in polycystic ovarian syndrome (PCOS) due to the related pathologies of obesity and dysglycaemia. A small clinical study in patients with PCOS demonstrated weight loss and improved anthropometric parameters with empagliflozin in comparison to metformin. However, no significant differences were observed for metabolic and hormonal outcomes as compared to metformin in PCOS [57] .
Metabolism SGLT2 inhibitors (in particular canagliflozin and licogliflozin) have been evaluated in a dedicated program as anti-obesity agents [7, 8] . However, for dedicated indication of weight loss, clinically meaningful benefit of at least 5% reduction versus placebo needs to be demonstrated over 12 months [58] . The average weight loss demonstrated with selective SGLT2 inhibitors is insufficient to qualify these agents for the specific indication of weight loss. Thus, modest weight loss and corollary metabolic benefits (e.g. improved insulin sensitivity) remain pleiotropic effects of SGLT2 inhibitors, but not primary indicative benefits. Other conditions associated with increased weight, including polycystic ovarian disease or obstructive sleep apnoea, may also benefit from SGLT2 inhibitors in certain patients [57, 59, 60] . The present evidence, although limited in several aspects, does suggest clinically meaningful propositions of SGLT2 inhibitors that are worthy of further evaluation.
The non-selective SGLT1/2 dual inhibitor licogliflozin was evaluated for weight loss in patients with obesity, with or without diabetes [8] . In this 12-week placebo-controlled study, licogliflozin 150 mg OD demonstrated weight loss of greater than 5.7% from baseline. Weight loss was significantly greater in patients with dysglycaemia (prediabetes/diabetes) compared to normoglycaemic patients. However, more than 90% of patients suffered from gastrointestinal adverse reactions, particularly diarrhoea (90.9% of patients receiving licogliflozin versus 25% patients receiving placebo). Flatulence, abdominal pain and distension were also Acute medical-surgical illness observed more frequently in patients who received licogliflozin [8] . This safety profile is associated with non-selective inhibition of SGLT1, as was also evident with phlorizin. The development of licogliflozin as an anti-obesity agent was subsequently discontinued. Further, while SGLT2 inhibitors have consistently demonstrated reductions in uric acid levels, the consequent rheumatic outcomes may be an area worthy of further exploration. Recently presented real-world evidence demonstrated significant 39% lower incidence of gout in patients with T2DM receiving SGLT2i as compared to glucagon-like peptide 1 receptor agonists (GLP1-RA) [61] . A post hoc analysis of the CANVAS program also suggested significantly lower risk of gout-related events in patients receiving canagliflozin [62] . At present, confirmatory evidence of such indicative benefit remains to be elicited.
PHARMACOVIGILANCE
The safety profiles of SGTL2 inhibitors have been reviewed by various authors [63, 64] . Adverse drug reactions (ADRs) like urogenital infections, euDKA, volume-depletion-related ADRs and acute kidney injury are class effects for SGLT2 inhibitors. According to a recent review by Shi et al. [63] , relative risks of ADRs In another systematic review of RCTs of SGLT2 inhibitors, performed by Donnan et al. [64] , the relative risk of acute kidney injury (AKI) was 0.59 (95% CI 0.39, 0.89), and that of euDKA was 0.66 (95% CI 0.30-1.45).
Of particular note, serious skin and subcutaneous tissue infections have been implicated more closely with ipragliflozin, based on its greater affinity for melanin [65] . Canagliflozin and ertugliflozin have demonstrated increased risk of lower limb amputations, whereas bone fracture risk has been specifically observed with canagliflozin in the clinically indicated range of eGFR [66, 67] . Several plausible mechanisms for these adverse reactions have been proposed, and are reviewed elsewhere [68, 69] . The CRE-DENCE study was designed with specific measures to minimize the risk of lower limb amputations; this study did not demonstrate significantly increased risk of lower limb amputations with canagliflozin [5] . The safety outcomes observed in SGLT2 inhibitor CVOTs and CREDENCE are summarized in Table 5 .
PHARMACO-ERGONOMICS
We had earlier published a pharmaco-ergonomic qualification tool for appropriate clinical use of SGLT2 inhibitors [70] . An updated version of the qualification tool, based on contemporary evidence, is presented in Table 6 .
Various available SGLT2 inhibitors, and their basic pharmacological characteristics, are summarized in Table 7 [66, 67, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] .
CONCLUSION
SGLT2 inhibitors have assumed increasing clinical relevance in several aspects beyond glycaemic control in T2DM. It is, therefore, imperative for physicians to stay updated and mindful of the facts to ensure continual practice of good evidence-based medicine.
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